
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 2
:2

4:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Isolation of HLA-
aDepartment of Genetics, Faculty of Medicin

Sciences and Health Services, Yazd, 8916978

com; smkyzd@gmail.com
bDepartment of Chemistry, University of Isfa
cCalifornia Institute for Quantitative Bios

Berkeley, CA 94720, USA
dDepartment of Medicinal Chemistry, Fac

Sciences Research Centre, Shahid Sadoug

Health Services, Yazd, 8916978477, Iran
eDepartment of Immunology, Faculty of M

Medical Sciences and Health Services, Yazd
fDepartment of Biotechnology, Faculty of Bio

of Isfahan, Isfahan, 81746-73441, Iran
gResearch and Clinical Centre for Infertilit

Shahid Sadoughi University of Medical Scie

† These authors contributed equally to th

Cite this: RSC Adv., 2021, 11, 30990

Received 7th August 2021
Accepted 13th September 2021

DOI: 10.1039/d1ra05988b

rsc.li/rsc-advances

30990 | RSC Adv., 2021, 11, 30990–
G+ cells using MEM-G/9 antibody-
conjugated magnetic nanoparticles for prenatal
screening: a reliable, fast and efficient method
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Asghar Taheri-Kafrani f and Seyed Mehdi Kalantar †*ag

The development of an effective and noninvasive early method for obtaining fetal cells is crucial to prenatal

screening. Despite proving the presence of fetal cells in the reproductive tract, their use is limited due to

their inability to properly isolate them from maternal cells. Magnetic-activated cell sorting (MACS) is

a simple technique to separate cells. The present study aimed to develop a MACS-based platform for the

isolation of the HLA-G expressing trophoblast cells. For this purpose, first, the triazine functionalized

MNPs were synthesized and characterized. Then, MNPs were directly and indirectly conjugated by the

MEM-G/9 antibodies targeting HLA-G+ cells. The antibody amount on the surface of the nanoparticles

was determined with the Bradford assay. The cell capture efficiency was also investigated. Various

characterization methods confirmed the successful nanoparticle synthesis and antibody conjugation. The

optimal initial antibody amount for the immobilization was about 20 mg and the optimal time was 3 h.

The antibody-nanoparticles by the indirect method had better targeting and capture efficiency than the

direct method. The MNPs indirectly conjugated with antibodies are an efficient tool for cell isolation and

present considerable potential to be applied in biomedical fields.
1 Introduction

The advanced reproductive age increases the risk of having
a newborn with a structural or a chromosomal abnormality.1 A
prenatal diagnostic procedure that can provide vital informa-
tion about the genetic health and other abnormalities of a fetus
and poses no considerable risk for the fetus would be invalu-
able.2 The prenatal diagnosis provides an opportunity for
physicians to identify causes and to evaluate corrective inter-
ventions and helps the parents by giving them enough time to
emotionally and mentally cope with fetal health status and
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selection of possible clinical options.2,3 Prenatal diagnostic
methods are constantly evolving.4 Amniocentesis (at 12 to 14
weeks' gestation) and chorionic villus sampling (CVS) (at 9 to 10
weeks' gestation) are at present the only reliable methods of
prenatal diagnosis. Although both these procedures are highly
sensitive and accurate, unfortunately, due to their invasiveness,
they carry the risk of abortion and fetal structural deformities,
even in experienced hands, and are usually performed at stages
of pregnancy where clinical options are limited for parents and
physicians.5–7 Therefore, in recent decades, attention has been
focused on the developing of a noninvasive highly reliable
method that would be feasible in the early stages of preg-
nancy.8,9 Currently, the noninvasive cell-free fetal DNA (cffDNA)
method, despite its limitations, such as the low percentage and
the fragmented nature of fetal DNA in maternal plasma, the
associated problems in their separation and analysis, under the
inuence of gestational age and maternal weight and available
aer the rst ten weeks of gestation are used for prenatal
screening. Due to the limitations of the cffDNA method, an
alternative NIPT method is necessary.10–15 Recently, the retrieval
of trophoblast cells from the cervix has attracted attention from
scientists as a potential source of fetal DNA for prenatal diag-
nosis.15 In 1971, Shettles rst observed the shedding and pres-
ence of trophoblast cells in the uterus and cervix.16 The rst
embryonic lineage that differentiates during fetal development
for forming the placenta is trophoblast cells. Trophoblast cells
contain two main lineages, villous trophoblast (VT) and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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extravillous trophoblast (EVT), with different functions. EVT
cells differentiate wherein the placenta contacts with the
uterine decidua.17,18 Some of them are shed into the reproduc-
tive tract from diverse invasive routes and then are trapped in
the transcervical mucus and can be retrieved from the endo-
cervical canal in ongoing pregnancies by a cytobrush.15,19 The
possibility of capturing the intact fetal EVT cells from the
endocervical canal provides a noninvasive alternative for early
prenatal diagnosis.10 The number of EVTs in cytobrush-
retrieved endocervical samples from pregnancy is approxi-
mately 1 EVT cell in 2000 maternal cervical cells.19 The major
challenge of using EVTs for the evaluation of prenatal screening
is the inability to efficiently isolate them from maternal cells.19

The presence of different antigens (Ags) in trophoblast cells
from maternal cervical cells provides the potential to isolate
these cells by Ag-based methods.2,20–22 In recent years, attempts
at cell isolation by conventional methods of magnetic cell
sorting (MACS) and uorescence-activated cell sorting (FACS)
have been reported.23 However, the development of an isolation
method with a minimal technical challenge, high separation
ability and clinical applicability is still needed.24 Both MACS
and FACS isolation methods are dependent on the specic cell
surface marker that can be distinguished by magnetic
microbead or uorescent-tagged antibody (Ab).25 Considering
FACS is a sophisticated, time-consuming and expensive tech-
nique that is not suitable for clinical use. On the other hand,
studies show that the MACS method is a powerful, fast and
simple strategy for cell isolation and is more cost-effective and
time-saving.26 Accordingly, the present study describes
a magnetic force-based platform for the isolation of fetal cells.

Magnetic nanoparticles (MNPs), due to their special prop-
erties including the availability of functional groups for chem-
ical modication, biocompatibility and easy separation from
the reaction mixture by use of magnet are a proper immobili-
zation support of bio-macromolecules for magnetic separa-
tion.27–30 The smaller nanoparticles (NPs) have the higher
surface to volume ratio causing greater binding capacity for
ligand and greater separation efficiency.31 Because of the
multiple-point attachment, cell separation with large magnetic
particles is difficult and they aggregate due to too magnetic and
cells get nonspecically trapped in the aggregates.26 The use of
MNPs for separation requires precise physicochemical design
and unique targeting.32,33 Iron oxide (Fe3O4) NPs have applica-
tion potential as a support in magnetic separation owing to
their strong superparamagneticity, biocompatibility, low cyto-
toxicity, simple preparation process, having surface hydroxyl
groups for modication and low cost.34 Despite all the advan-
tages, the naked Fe3O4 NPs are unstable and oxidize easily in
the air or aqua uid and their magnetic properties and
dispersion reduce.35,36 Therefore, the introduction of an outer
shell is very important to maintain the stability of Fe3O4 NPs.37

Fe3O4 NPs are usually coated with various shells such as silica
(SiO2), Au, dextran, albumin or polyethylene glycol.35,38 The
incorporation of a silica coating is an efficient and appropriate
strategy to improve the stability and dispersion of Fe3O4 NPs.39

On the other hand, chemistry of silica is well known and can be
conjugated with different functional groups for various
© 2021 The Author(s). Published by the Royal Society of Chemistry
biochemical and biomedical purposes.35 In order to isolate rare
target cells from a sample, target cell-specic antibody conju-
gation to the surface of the magnetic NPs is commonly used due
to the remarkable binding affinity and specicity between Ab
and Ag.40,41 EVT cells can be isolated from the endocervical
sample by binding appropriate antibodies to MNPs. Human
leukocyte antigen-G (HLA-G) is an EVT-specic Ag and by tar-
geting this specic Ag, EVT cells can be isolated from cervical
cells.19,42 The MEM-G/9 antibody shows a strong affinity towards
the native form of human HLA-G.43,44 There are ve basic
methods of Ab immobilization onto NPs: physical adsorption,
ionic interaction, and covalent bond, through protein cofactor
and by antibody disulde bond cleavage. Covalent bonding can
stably bind Abs onto NPS, which is vital to the immobilization of
the Abs in order for them to be used in the isolation process.45,46

The covalent attachment of Abs to the NPs surface generally
requires the surface modications of NPs.47 Thus, the silica-
coated magnetite nanoparticles were modied by 3-amino-
propyl triethoxysilane (APTES) to introduce the amine groups
and then by 2,4,6-trichlorotriazine (TCT) to introduce the
chlorine functional group. TCT is an important linker for the
immobilization of biomolecules due to its low cost, biocom-
patibility, and chemoselective reactivity.36 TCT leads to conjugating
NPs with antibody amine groups.47 In accordance with existing
amine groups in most proteins and their high reactivity, this
method does not require chemical manipulation of the antibody
structure.48 In the present study, synthesized Fe3O4@SiO2-APTES-
TCT nanoparticles were conjugated with MEM-G/9 antibody by
direct and indirect methods and then their function in HLA-G+

cells isolation was evaluated. The successful isolation of HLA-G+

cells has provided an opportunity to assess the genetic health of
fetus and investigate the placenta function.

2 Experimental
2.1 Materials

All the chemical reagents were commercially purchased and
used without further purication. Ferric chloride hexahydrate
(FeCl3$6H2O, $99%), ferrous chloride tetrahydrote (FeCl2-
$4H2O, $99%), ethanol (96%), ammonium hydroxide (NH4OH,
25%), hydrochloric acid (HCl, 37%), toluene (99.8%), triethyl-
amine (TEA, $99.5%), trichlorotriazine (TCT, 99%), acetone
($99.8%), di-sodium hydrogen phosphate (Na2HPO4, $99%),
sodium phosphate monobasic (NaH2PO4, $99%), sodium
chloride (NaCl, $99.5%), acetic acid (glacial, 100%), and
sodium acetate ($99%) were provided by Merck company
(Germany). 3-Aminopropyl triethoxysilane (APTES, $98%), tet-
raethyl orthosilicate (TEOS, 98%), diisopropylethylamine
(DIPEA, $98%), bovine serum albumin (BSA, $96%) and 1%
penicillin–streptomycin were obtained from Sigma Aldrich
(Germany). Tetrahydrofuran (THF, >99%) was purchased from
Duksan (Korea). Bovine g-globulin (BGG, 99%) and the Brad-
ford reagent were bought from Bio-Rad (USA). The human
breast cancer cell line SK-BR-3 and the human choriocarcinoma
cell line JEG-3 were purchased from Pasteur Institute of Iran
(Tehran, Iran). Fetal bovine serum (FBS), trypsin–EDTA (0.05%)
and RPMI-1640 was obtained from Gibco (UK). The DMEM/F12
RSC Adv., 2021, 11, 30990–31001 | 30991
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medium was acquired from Bio-Idea (Iran). Also, the puried
monoclonal MEM-G/9 antibody (Exbio, Czech Republic), the
FITC goat anti-mouse (IgG) secondary antibody (ab6785,
Abcam, Cambridge, MA), the goat anti-mouse antibody (ab6708,
Abcam, Cambridge, MA), the uorescent dye propidium iodide
(PI) (Fluka, 81845, Switzerland), the uorescent dye 40,6-
diamidino-2-phenylindole (DAPI, Cytocell, UK) and phosphate
buffered saline (PBS, pH 7.4, Inoclon) were used in this study.
Deionized (DI) water was prepared with ultrapure water system
(Easy Pure II, 18.2 MU, Barnstead Co).
2.2 Synthesis of Fe3O4@SiO2-APTES-TCT

The whole process of synthesis of 1,3,5-triazine functionalized
silica-coated iron oxide NPs and the immobilization of MEM-G/
9 antibody on MNPs are described here and are shown sche-
matically in Fig. 1.

2.2.1 Synthesis of iron oxide (Fe3O4) NPs. The super-
paramagnetic iron oxide nanoparticles were synthesized by the
co-precipitation approach.49–52 Briey, a solution containing 3 g
of FeCl2$4H2O and 8.5 g of FeCl3$6H2O in 38 ml of 0.4 M HCl
was prepared. The mixture was quickly dropped into 375 ml of
0.7 M NH4OH solution at 45 �C under argon atmosphere and
vigorous stirring via the combination of mechanical stirring and
ultrasonic vibration. The solution colour changed from pale yellow
to black. The reaction was maintained at about 45 �C under argon
for 30 min. Aer 30 min and cooling the solution, the resulting
black precipitate was sedimented by an external magnet and
washed three times with deionized water and once with ethanol
and nally dried in a vacuum oven for 24 h at room temperature.

2.2.2 Surface coating of Fe3O4 NPs with silica (Fe3O4@SiO2

NPs). For preservation of Fe3O4 NPs from aggregation and
oxidation, their surfaces were coated with the silica. 0.725 g of
Fe3O4 NPs was ultrasonically and mechanically dispersed in
200 ml of ethanol under argon at room temperature for 40 min.
Then 30 ml of deoxygenated deionized water, 15 ml of 25%
ammonium hydroxide and 2 ml of TEOS were added to the
solution under vigorous stirring. Aerward, the mixture
Fig. 1 Schematic diagram of the synthesis route of the antibody
immobilization on triazine-functionalized magnetic nanoparticles.
Abs: antibodies, APTES: 3-aminopropyl triethoxysilane, TCT: tri-
chlorotriazine, TEOS: tetraethyl orthosilicate, THF: tetrahydrofuran.

30992 | RSC Adv., 2021, 11, 30990–31001
solution was further stirred for 5 h at room temperature. Aer
completion of the reaction, the Fe3O4@SiO2 nanoparticles were
collected by an external magnet and washed with water, ethanol
and acetone and dried in a vacuum oven at room temperature.53

2.2.3 Functionalization of Fe3O4@SiO2 NPs by APTES. The
functionalization of Fe3O4@SiO2 NPs by APTES created amine
groups on their surface that was then reacted with TCT. The
Fe3O4@SiO2-APTES NPs were prepared according to the proce-
dure reported by Hou et al. with slight modications.54 0.4 g
vacuum-dried Fe3O4@SiO2 was dispersed in 180 ml dried
toluene for 30 min. Aerward, 6 ml of APTES and 2 ml of TEA
were added into the reaction mixture and it was reuxed at
70 �C under nitrogen atmosphere for 24 h with continuous
stirring. Aer cooling down the reaction to room temperature,
the obtained amino-functionalized Fe3O4@SiO2 NPs were
collected using an external magnetic eld and washed succes-
sively with toluene, ethanol and acetone and dried. Finally, NPs
were dried in a vacuum oven at 60 �C overnight.

2.2.4 Modication process of Fe3O4@SiO2-APTES NPs
using TCT. The surface of Fe3O4@SiO2-APTES NPs wasmodied
by TCT to generate a triazine modied surface for antibody
immobilization. For the preparation of the Fe3O4@SiO2-APTES-
TCT NPs, to a dispersion of 0.5 gr Fe3O4@SiO2-APTES NPs in
40 ml dried THF were added 0.25 gr TCT and 1 ml DIPEA. The
solution was mechanically stirred at 0 �C for 6 h under nitrogen
atmosphere. The modied NPs (Fe3O4@SiO2-APTES-TCT) were
separated with a magnet and washed with THF and acetone and
then dried in a vacuum oven at room temperature.55

2.3 Immobilization of anti-HLA-G MEM-G/9 Ab onto
Fe3O4@SiO2-APTES-TCT NPs

2.3.1 Direct immobilization of MEM-G/9 Ab. At rst, 1 mg
of the triazine functionalized MNPs were dispersed in 1 ml of
150 mM phosphate buffer (pH 8.5) with 150 mM NaCl under
ultrasonication for 5 min. Then three amounts of MEM-G/9 Ab
(5, 10 and 20 mg) were added to the 180 ml dispersed NPs and the
mixture was shaken gently to avoid sedimentation of the NPs at
24 �C for 4 h. In order to remove the non-bound Abs, NPs were
magnetically collected and washed twice with phosphate buffer
(ESI Fig. 1†). The non-bound Ab amount in the supernatant was
quantied with Bradford protein assay using BGG as the standard
protein. The initial optimal Ab amount according to the immobi-
lization percentage of Ab and the ratio of the immobilized amount
of Ab to 0.18 mgMNPs was obtained. The immobilized amount of
Ab on MNPs was calculated based on the difference between the
Ab amount before and aer immobilization. The immobilization
percentage of Ab was obtained from eqn (1):

Immobilization (%) ¼ [(Ci � Cs)/Ci] � 100 (1)

Ci and Cs are the concentrations of initial Ab and non-bound Ab
in the supernatant, respectively.

2.3.2 Indirect immobilization of MEM-G/9 Ab. A two-step
of incubation was used for indirect immobilization. At rst,
the range of 2 to 60 mg goat anti-mouse IgG Ab was added to 180
ml of dispersed NPs and the mixture was shaken slowly at 24 �C
for 4 h. The supernatant of each sample was separated with an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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external magnet to measure non-bond Ab with Bradford protein
assay and the initial optimal IgG Ab amount was obtained.
Then, IgG-MNPs (with initial optimal amount) were added into
the tube containing cells labeled with MEM-G/9 Abs and incu-
bated for 1 h at 37 �C with mixing (ESI Fig. 2†).

2.4 Characterization methods

Fourier infrared spectroscopy (FTIR, PerkinElmer, Spectrum
Two, USA), transmission electron microscope (TEM, Philips,
CM120, Netherlands), energy dispersive X-ray spectroscopy
(EDS, TESCAN, model MIRA III, Czech Republic), zeta potential
(Zetasizer Nano-ZS, model Zen3600, Malvern Instrument Ltd,
Malvern, UK) and vibrating sample magnetometer (VSM,
Quantum Design, USA) were utilized to analyse the certain
functional groups, morphology, size, elemental composition,
electrical charge and magnetic properties of modied MNPs.
Thermogravimetric analysis (TGA) was performed to conrm
immobilization of Ab on MNPs using a TA Q600 (USA) from 30
to 600 �C at 10 �C min�1 heating rate in air atmosphere.

2.5 Optimization of immobilization time

20 ml of goat anti-mouse IgG Ab (1mgml�1) was added to 180 ml of
the dispersed triazine functionalized MNPs in phosphate buffer.
Themixture was shaken at 24 �C for 0.25–16 h. The amount of IgG
immobilized on MNPs was quantied by Bradford assay.

2.6 Conrmation of immobilization of HLA-G Ab with the
immune reactivity

The immobilization of HLA-G Abs onto the modied MNPs was
investigated by the following procedure. At rst, 20 mg of MEM-G/9
Ab was added to 180 ml of dispersed MNPs (1 mg ml�1), incubated
at 24 �C for 3 h and washed with PBS to remove any unconjugated
Ab. TheMEM-G/9-immobilizedMNPs were blocked with 1%BSA for
2 h. Then, goat anti-mouse IgG H&L (FITC), a secondary antibody,
was used to recognize the immobilization and the immune reactivity
of MEM-G/9 Ab conjugated to theMNPs surface. 200 ml of FITC anti-
IgG (50 mgml�1) was added to the BAS blockedMEM-G/9-MNPs and
the resulting mixture was incubated at 24 �C for 2 h. Aer complete
washingwith PBS, the collectedMNPswere redispersed in 100ml PBS
and immobilized on glass slide by cytospin centrifugation for 5 min,
1500 rpm for examination under a microscope (ESI Fig. 3†).

2.7 Cell culture

The human HLA-G-positive JEG-3 trophoblast tumor cells56–58

were cultured in a 1 : 1 mixture of Dulbecco's Modied Essen-
tial Medium and Ham's F-12 Medium (DMEM/F12 Medium)
supplemented with 10% (v/v) inactivated FBS and 1% (v/v)
streptomycin/penicillin. SKBR-3 cells with reduced or absent
expression of HLA-G gene59–61 were grown in RPMI 1640
medium containing 10% FBS and 1% penicillin/streptomycin.

2.8 Quality assessment of the immobilized Ab on the MNP
surface by experiment of cell binding

To show that the Ab-MNPs (Ab-conjugated MNPs) are able to
target cells when JEG-3 cells have reached the desired number
© 2021 The Author(s). Published by the Royal Society of Chemistry
on the coverslip, the culture media was removed and washed
gently with PBS. Then, the cells cultured on each coverslip were
xed at room temperature with a mixture of acetate buffer and
methanol for 15 min. Aer washing, cells were blocked with 3%
BSA–PBS for 45 min at room temperature. In the case of nano-
particles conjugated directly to MEM-G/9, 50 ml of these nano-
particles were added to the blocked cells. Triazine functionalized
MNPs without MEM-G/9 were used as control. The cells were
incubated with MNPs (with or without Ab) at 37 �C for 1 h. The
coverslip was carefully removed with forceps from the culture
plate. It was inverted and placed on a glass slide and examined by
light microscope. In the case of nanoparticles conjugated indi-
rectly to MEM-G/9, at rst, the blocked cells were incubated with
MEM-G/9 (at 1 : 50 dilution in 1% BSA–PBS) at 37 �C for 1 h.
Subsequently, 50 ml of IgG-MNPs were added to the cells and
incubated at 37 �C for 1 h. The incubated cells with the antibody
diluent alone and no MEM-G/9 Ab were used as control.
2.9 Showing the ability of Ab-MNPs to capture the JEG-3 cells

About 5 � 105 JEG-3 cells as target cells were poured into a tube
and xed with a mixture of acetate buffer and methanol for
15 min. The cells were centrifuged at 1400 rpm for 7 min and
blocked with 3% BSA–PBS for 45 min at room temperature. In
the case of nanoparticles conjugated directly to MEM-G/9, the
blocked cells were incubated with 50 ml of MEM-G/9-MNPs at
37 �C for 1 h with shaking and were separated by an external
magnetic eld. Aer magnetic separation, the number of cells
in the supernatant was counted to know the capture efficiency
of the Ab-MNPs. The average capture efficiency was obtained
according to the results of three experiments.

Capture efficiency (%)¼ ((initial JEG-3 cells� supernatant JEG-3

cells)/initial JEG-3 cells) � 100

In the case of nanoparticles conjugated indirectly to MEM-G/
9, rst, the cell suspension was incubated with MEM-G/9 at
37 �C for 1 h. Subsequently, 50 ml of IgG-MNPs were added to the
cells and incubated at 37 �C for 1 h with shaking. All subsequent
steps were identical to those described above.
2.10 Detection and isolation of HLA-G+ cells using Ab-MNPs

To display the capability of Ab-MNPs for HLA-G-positive cells
isolation, JEG-3 cells were utilized as HLA-G-positive cells and
SK-BR-3 cells were utilized as HLA-G-negative cells. The xed
and blocked JEG-3 cells (about 5 � 105) were stained with DAPI
dye (blue) and the xed and blocked SK-BR-3 cells (about 5 �
105) were stained with Propidium iodide (PI) dye (red). Aer
staining, cells were mixed together. In the case of nanoparticles
conjugated directly to MEM-G/9, 50 ml of MEM-G/9-MNPs was
added to the mixed cells and incubated for 60 min at 37 �C in
the dark. The mixture was vortexed every 15 min. Aer incu-
bation, the mixture was kept in front of a magnet for 10 min to
allowmagnetic isolation of the cells + MEM-G/9-MNPs. Both the
supernatant and the pellet were carefully collected. The pellet
was resuspended in 50 mL PBS. Then, the pellet and the
RSC Adv., 2021, 11, 30990–31001 | 30993
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supernatant were immobilized on glass slide and examined
with a uorescence microscopy (BX61, Olympus, Tokyo, Japan)
connected to Applied Spectral Imaging (ASI) Acquisition 5.5
soware (ASI Inc, Carlsbad, CA). In the case of nanoparticles
conjugated indirectly to MEM-G/9, rst, the mixed cells were
incubated with MEM-G/9 at 37 �C for 1 h. Aerward, 50 ml of
IgG-MNPs was added to the cells and incubated at 37 �C for 1 h.
All subsequent steps were identical to those described above.
3 Results and discussion
3.1 Fe3O4@SiO2-APTES-TCT synthesis

At present, the isolation of target cells from heterogeneous cell
populations is important for various biomedical purposes.
Methods for isolation and enrichment of cells are evolving. A
simple, accurate and inexpensive method that achieves
acceptable results in the shortest amount of time possible has
been one of the important research goals of scientists in recent
years. The magnetic isolation of cells is one of the most
appropriate approaches for separating target cells. The
magnetic isolation method usually uses MNPs conjugated with
antibodies against specic cell surface Ags. Therefore, the
synthesis of immunomagnetic nanoparticles using a simple,
Fig. 2 (A) Effect of the initial amount of HLA-G antibody on immobilizati
nanoparticles (the blue graph). (B) Effect of the initial amount of anti-m
amount of immobilized antibody on nanoparticles (the blue graph). (C) Eff
and amount of immobilized antibody on nanoparticles (the blue graph).

30994 | RSC Adv., 2021, 11, 30990–31001
cost-effective and high-performance method is a critical step for
cell isolation. In this study, magnetic nanoparticles were
synthesized by the simple and fast co-precipitation method and
coated with silica shell for improving their stability. The silica-
coated MNPs were then modied through a two-step process
with APTES and 2,4,6-trichloro-1,3,5-triazine to create a func-
tional surface with triazine to immobilize the antibody and
several techniques were used to characterize them.
3.2 Antibody immobilization on MNPs

Fe3O4@SiO2 NPs were functionalized with triazine to enable
subsequent covalent bond via the amine groups of antibodies. The
amount of immobilized antibody was determined according to the
linear equation obtained from the BGG standard curve (ESI Fig. 4†).

3.2.1 Optimal initial amount of MEM-G/9 for immobiliza-
tion on MNPs. The amount of immobilized MEM-G/9 on MNPs
and the immobilization percentage in the different initial
amounts of MEM-G/9 were estimated and the results were
shown in Fig. 2A. As can be seen in the gure, the amount of
immobilized Ab rose with increasing the initial amount of
MEM-G/9, while the immobilization percentage decreased
simultaneously. The initial amount of Ab was low at rst and all
the initial amount was immobilized on MNPs. Then, although
on percentage (the red graph) and amount of immobilized antibody on
ouse IgG antibody on immobilization percentage (the red graph) and
ect of reaction time on the immobilization percentage (the red graph)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by increasing the initial amount, more antibodies were immo-
bilized onto the surface area, but probably due to the decrease
in the TCT active sites, the ratio of immobilized Abs to the total
initial Abs as immobilization percentage decreased. Given that
Fig. 3 Characterization of MNPs and Ab-MNPs. (A) The FTIR spectra of (1) Fe
and (5) Fe3O4@SiO2-APTES-TCT-Ab nanoparticles. (B) The TEM image (1) an
(C) The EDX spectrum of (1) Fe3O4, (2) Fe3O4@SiO2, (3) Fe3O4@SiO2-APTES
Fe3O4@SiO2, Fe3O4@SiO2-APTES and Fe3O4@SiO2-APTES-TCT. (E) Room te
(:) and Fe3O4@SiO2-APTES-TCT (A). (F) The TGA spectra of (a) Fe3O4@SiO

© 2021 The Author(s). Published by the Royal Society of Chemistry
in this study, the immobilization Ab is random and adverse
orientation can occur. To increase the likelihood of having
active Ag-binding sites, themaximum initial amount of MEM-G/
3O4, (2) Fe3O4@SiO2, (3) Fe3O4@SiO2-APTES, (4) Fe3O4@SiO2-APTES-TCT
d size distribution histogram (2) of Fe3O4@SiO2-APTES-TCT nanoparticles.
and (4) Fe3O4@SiO2-APTES-TCT. (D) The Zeta potential analysis of Fe3O4,
mperature magnetization curves of Fe3O4@SiO2 (C), Fe3O4@SiO2-APTES

2-APTES-TCT and (b) Ab-MNPs.
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9 (20 mgr) with conjugation efficiency of 66.1% as the optimal
amount was chosen for immobilization.

3.2.2 Optimal initial amount of anti-mouse IgG for
immobilization on MNPs. The amount of immobilized anti-
mouse IgG on MNPs and the immobilization percentage in the
studied concentration range was illustrated in Fig. 2B. According to
the results, for the balance of cost and immobilization efficiency, 20
mgr of anti-mouse IgG (with conjugation efficiency of 68.36%) was
selected as the optimum initial amount of anti-mouse IgG.
3.3 Characterization of MNPs and Ab-MNPs

3.3.1 FTIR of MNPs and Ab-MNPs. The FT-IR spectra of
Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-APTES, Fe3O4@SiO2-APTES-
TCT and Fe3O4@SiO2-APTES-TCT-Ab NPs were taken in the
range of 400 to 4000 cm�1 and presented in Fig. 3A. In Fe3O4

spectra, the strong peak at 567.27 cm�1, related to Fe–O bond
bending vibration, conrmed the formation of MNPs. Two absorp-
tion peaks at 1626.32 and 3400.53 cm�1 are due to the presence of
hydroxyl groups at the Fe3O4 surface. The peaks at 797.37, 945 and
1096.68 cm�1 in Fe3O4@SiO2 spectra were associated with the
symmetric stretching Si–O–Si vibration, Si–OH bending vibration
and asymmetric stretching Si–O–Si, respectively.62 The Fe–O–Si peak
cannot be clearly identied in the FTIR spectrum because it is at
about 584 cm�1 and overlaps with the Fe–O peak of MNPs.63 The
obtained results conrmed the presence of silica coating on the
surface of Fe3O4 NPs. The functional process of Fe3O4@SiO2 with
APTES was conrmed by the presence of peaks at 2987.97 and
1397 cm�1 corresponding to C–H stretching vibration and C–H
scissoring vibration, respectively.64 However, two peaks at around
3450 and 1640 cm�1 related to NH2 vibrations cannot be observed
due to the weak dipole moment of the amine groups.65–67 The peaks
between 1000 and 1600 cm�1 in Fe3O4@SiO2-APTES-TCT spectra
can be ascribed to the C–N and C]N stretching vibrations which
prove the presence of triazine rings onto MNPs.68,69 In Fe3O4@SiO2-
APTES-TCT-Ab spectra, two absorption peaks at 1556.98 cm�1 (N–H
stretching vibration of antibody amide II) and 1650.99 cm�1 (C]O
stretching vibration and antibody amide I) conrmed the success of
Ab immobilization on modied MNPs.47,70

3.3.2 TEM of Fe3O4@SiO2-APTES-TCT NPs. TEM images of
Fe3O4@SiO2-APTES-TCT NPs (Fig. 3B1) displayed that the
particles were quasi-spherical with a size distribution ranging
from 15–45 nm and an average of 28.10 � 5.06 nm (Fig. 3B2).
The distribution of particle size was characterized by randomly
measuring the diameter of around 100 nanoparticles using
ImageJ soware. Because the particles were much smaller than
a cell (10–100 mm),71 many of them were able to make effective
contact with the cell surface and prevented the cells from
fragmenting while isolated,72 but they agglomerated due to their
small size and high reactivity.35 The silica coating thickness was
also found in a range between 3.5 and 6.3 nm and an average of
5.12� 0.863 nm (data not shown). If the silica coating thickness
in the core–shell MNPs increases; results in the reduction in
their magnetization in the magnetization eld and in the
quantity of the immobilized biomolecules.48,73–75

3.3.3 The ndings of EDAX analysis. The accuracy of each
synthesis step was conrmed by EDAX analysis of products:
30996 | RSC Adv., 2021, 11, 30990–31001
Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-APTES, and Fe3O4@SiO2-
APTES-TCT. EDAX pattern of the Fe3O4 NPs displayed the
presence of both iron and oxygen (Fig. 3C1). For each product,
iron and oxygen elements were identied as a result of the
Fe3O4 structure. In Fig. 3C2, the presence of a strong silica peak
and the remarkable reduction of Fe peak veried the silica
coating on the surface of Fe3O4 NPs. In Fig. 3C3, N and C
elements appeared aer the surface modication of MNPs,
suggesting successful modication of the MNPs with APTES. In
Fig. 3C4, the chlorine peak appeared and the content of N and C
elements increased. These results indicated that MNPs were
modied with TCT successfully.

3.3.4 Zeta potential (z). The zeta potential of Fe3O4, Fe3-
O4@SiO2, Fe3O4@SiO2-APTES, and Fe3O4@SiO2-APTES-TCT
NPs was �14 � 3.36 mV, �9.37 � 2.48 mV, 1.13 � 0.1 mV
and �0.771 � 0.05 mV, respectively (Fig. 3D). The negative
charges of Fe3O4 and Fe3O4@SiO2 NPs were due to the presence of
hydroxyl (OH) and silanol (Si–OH) groups on their surface.76–78

Aer modication, the zeta potential of the Fe3O4@SiO2-APTES
NPs increased to 1.13 mV compared to the Fe3O4@SiO2 NPs
because of the presence of positively charged amino groups onto
the surface of Fe3O4@SiO2 NPs.79 In contrast, the zeta potential of
Fe3O4@SiO2-APTES NPs changed to approximately�0.771mV due
to the presence of triazine rings aer functionalization with TCT.
The zeta potential changes also conrmed the successful prepa-
ration of the functionalized MNPs.

3.3.5 VSM. The magnetic properties of Fe3O4@SiO2, Fe3-
O4@SiO2-APTES, and Fe3O4@SiO2-APTES-TCT NPs versus
magnetic eld at ambient temperature were investigated by
VSM and shown in Fig. 3E. Their saturation magnetization (Ms)
was 58, 50, and 45 emu g�1, respectively.

Three magnetization curves showed superparamagnetic
behaviour due to the lack of hysteresis.80 As can be seen in
Fig. 3E, Fe3O4@SiO2 NPs indicated a slightly higher level of Ms
than other MNPs. The decrease of Ms in Fe3O4@SiO2-APTES,
and Fe3O4@SiO2-APTES-TCT NPs was due to themodication of
MNPs with aminopropyl81 and triazine groups and the increase
in the total mass with respect to the magnetic material.55

However, the modications have had little effect on the
magnetization of the MNPs and can be quickly separated from
the solution by an external magnet.80

3.3.6 TGA. The antibody immobilization on MNPs was also
conrmed with TGA analysis. TGA results usually represent
a two-stage thermal decomposition prole from the sample.
The rst stage of weight loss (wl) in the temperature range
below 200 �C is attributed to removal of physically adsorbed
water and organic solvents and the second main stage of weight
loss is at temperatures higher than 200 �C to decompose surface
organic functional groups and surface-bound biomolecules.36,47

The weight loss plots of the MNPs and Ab-MNPs showed a two-
step thermal decomposition (Fig. 3F). The difference in weight
loss between the MNPs and Ab-MNPs (35.35% wl) in the
temperature range between 200 and 600 reected the antibody
immobilization on the surface of the MNPs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The fluorescent microscopy images of the reactivity of immobilized MEM-G/9 antibodies on Fe3O4@SiO2-APTES-TCT nanoparticles with
the FITC-labeled IgG secondary antibodies (A) and the reactivity of BSA-blocked nanoparticles without MEM-G/9 antibody conjugation (control)
with the FITC-labeled IgG secondary antibody (B). Scale bars ¼ 5 mm, 1000� magnification.
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3.4 Effect of immobilization time

Fig. 2C shows the results of the amount of immobilized anti-
mouse IgG on MNPs and the immobilization percentage in
various reaction times. The amount of immobilized Ab and the
immobilization percentage reached their maximum aer 3 h and
then remained constant, and further elongation of reaction time
Fig. 5 The light microscopy images of Ab-MNPs tendency to be HLA-G-
IgG-MNPs (A) and JEG-3 cells incubated with the BSA-blocked MNPs wit
MNPs conjugated indirectly to MEM-G/9 to target JEG-3 cells (B) and te
cells (D). Scale bars ¼ 20 mm, 400� magnification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
did not signicantly increase the amount and percentage of anti-
body immobilization. That was probably because there was no free
TCT active group le to connect with the Ab amine groups and
consequently more immobilization aer 3 h.82 Therefore, 3 h was
considered as the optimal time for Ab immobilization.
positive JEG-3 cells. Unlabeled cells with MEM-G/9 Ab incubated with
hout MEM-G/9 antibody conjugation (C) (as controls). Tendency of the
ndency of the MNPs conjugated directly to MEM-G/9 to target JEG-3

RSC Adv., 2021, 11, 30990–31001 | 30997
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3.5 HLA-G Ab immobilization conrmation

Although, the results of FTIR and TGA conrmed the Ab
conjugation with the MNPs. We also conrmed the immobili-
zation of the MEM-G/9 Ab onto MNPs by the immune reactivity.
As depicted in Fig. 4A, Ab-MNPs showed a signicant green
colour. On the other hand, MNPs unconjugated with Ab
(control), showed much less colour (Fig. 4B). Fluorescence
intensity visualized the conjugation of MEM-G/9 on the surface
of the MNPs. In addition, the ndings indicated that the FITC-
goat anti mouse IgG secondary Ab signicantly detected the
MEM-G/9 Ab immobilized on the surface of the MNPs and the
conjugated Ab maintained its inherent immune reactivity to the
secondary Ab.47 Also, the negligible adsorption between FITC-
IgG and the MNPs displayed the favored blocking of the
MNPs with BSA. In general, the immobilization was successful.
3.6 The Ab-MNPs ability to target the HLA-G positive cells

To assess of the Ab-MNPs tendency to HLA-G positive cells,
a cell binding experiment was conducted, as described in the
methods section. Light microscopy images showed appropriate
targeting of MEM-G/9-MNPs to JEG-3 cells (HLA-G-positive)
(Fig. 5B and D). Controls also showed very little binding to target
cells as expected (Fig. 5A andC). The targeting ofMNPs conjugated
directly to MEM-G/9 (Fig. 5D) was less than MNPs conjugated
indirectly toMEM-G/9 (Fig. 5B). This lower tendencymay be due to
the loss of biological function of a number of directly immobilized
MEM-G/9 Abs. Because Ab immobilization in this study was per-
formed randomly through Ab amine groups, covalent bindingmay
have occurred through some amine groups located in the Ag-
binding sites.83 As a result, it can be concluded that the activity
of Fab portions of a number of MEM-G/9 antibodies was not
maintained aer being conjugated to MNPs.
Fig. 6 Isolated JEG-3 cells by indirect immunomagnetic method (A)
and by direct immunomagnetic method (B). Scale bars¼ 20 mm, 400�
magnification. The cell capture efficiency in indirect vs. direct immu-
nomagnetic method. Error bars display standard error of mean (SEM)
and the asterisk displays a statistically significant difference (p # 0.05).

30998 | RSC Adv., 2021, 11, 30990–31001
3.7 Cell capture efficiency of MEM-G/9-MNPs

Verication of the targeting ability of Ab-MNPs allowed the
investigation of their performance in cell isolation. Aer incu-
bation and magnetic separation, the capture efficiency of both
direct and indirect forms of MEM-G/9-MNPs was determined with
microscopy analysis (Fig. 6). The MNPs conjugated directly to
MEM-G/9 captured the JEG-3 cells with an efficiency of 24.39 �
3.41% whereas the MNPs conjugated indirectly to MEM-G/9
captured the JEG-3 cells with an efficiency of 63.07 � 3.5%.
Values are a mean efficiency of three experiments (%) � standard
error of mean (SEM). The t-test analysis showed that the P-value
between the capture efficiency of direct and indirect forms of
MEM-G/9-MNPs was less than 0.05 (p value ¼ 0.01). The direct
conjugation of MEM-G/9 Abs to MNPs may affect their binding
affinity to HLA-G Ag and thus the capture efficiency.
3.8 Selective isolation of HLA-G+ cells from HLA-G� cells
with MEM-G/9-MNPs

The prepared Ab-MNPs' specicity for HLA-G+ cell separation was
determined by incubating a mixture of JEG-3 (HLA-G+) and SKBR-3
(HLA-G�) cells with the Ab-MNPs and then magnetic isolation and
microscopic imaging, as mentioned in the methods section. Since
the SKBR-3 cells were stainedwith PI and JEG-3 cells with DAPI, they
Fig. 7 The fluorescent images of cells in the precipitates after incu-
bation with Ab-MNPs and separation under magnetic field. (A) The
target JEG-3 cells isolated with the MNPs conjugated indirectly to
MEM-G/9 from the non-target SKBR-3 cells (1–4). (B) The target JEG-
3 cells isolated with the MNPs conjugated directly to MEM-G/9 (1–4).
JEG-3 (DAPI ¼ blue), SKBR-3 (PI ¼ red) and MNPs (grey dots). Scale
bars ¼ 50 mm, 100� magnification. (C) The fluorescent image of cells
in the supernatant after incubation with Ab-MNPs and separation
under magnetic field. The HLA-G-positive JEG-3 cells not isolated by
the Ab-MNPs (DAPI ¼ blue) (1). The non-target SKBR-3 cells not iso-
lated by the Ab-MNPs (PI ¼ red) (2). Section (3) is a merging of (1) and
(2) images. Scale bars ¼ 50 mm, 100� magnification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were visualized with diverse uorescent dyes under various excita-
tion wavelengths.84 Fluorescence microscopy images aer the
magnetic isolation from the precipitates showed that blue
uorescent-stained (HLA-G+) cells could be isolated by the Ab-MNPs
(Fig. 7A and B), although most of the cells in the supernatant were
the red uorescent-stained (HLA-G�) cells (Fig. 7C). The specicity
of the prepared Ab-MNPs to isolate HLA-G+ cells was veried. The
MNPs conjugated indirectly to MEM-G/9 had more selective isola-
tion than the MNPs conjugated directly to MEM-G/9. Considering
that the limited number of the HLA-G+ cells was not isolated by the
MNPs conjugated indirectly to MEM-G/9, the MNPs conjugated
indirectly to MEM-G/9 have good target specicity and are the
suitable and low-cost tools for detecting and isolating target cells.
4 Conclusions

Isolation of fetal cells from maternal cells in endocervical
sample remains a problem for prenatal diagnosis. MNPs have
been widely used in cell isolation. Several studies have pre-
sented the successful covalent immobilization of different bio-
logically active macromolecules (lipase,82 albumin,68 xylanase36

and glucose oxidase37) on triazine-functionalized magnetic NPs.
In the present research, similar to the studies mentioned above,
triazine-functionalized magnetic NPs were used as a support for
covalent immobilization of MEM-G/9 and anti-mouse IgG Abs
so that the development of immunomagnetic NPs for the
isolation of JEG-3 cells (trophoblastic model system) and
a simple and low-cost cell isolation system based on MNPs were
exhibited due to the intrinsic Ab–Ag interaction. However,
several studies have been performed to isolate fetal cells with
immunomagnetic nanoparticles.20,85–92 This study was an
attempt to improve isolation efficiency and cost decrease. Aer
conrming the successful Ab-MNPs synthesis by characteriza-
tion techniques and high immobilization efficiency of Abs by
Bradford assay, the Ab-MNPs were used for cell isolation. The
most considerable problem was the accumulation of MNP-Ab.
The accumulation problem was partly removed by shaking
before interaction with target cells and during incubation.

The cell capture efficiency of our synthetic MNPs in the direct
immunomagnetic method was 24.39% and in the indirect method
63.07%. In the indirect immunomagnetic method, antibody tar-
geting activity wasmaintained, so their capture efficiencywas higher
than the direct immunomagnetic method. The results were
conrmed by uorescentmicroscopy. The improvement in isolation
and clinical applicability for prenatal diagnosis could be achieved by
further optimization and the elimination of accumulation problem
of prepared Ab-MNPs and assessing their reliability for the isolation
of EVT cells in actual samples. The MNPs with indirect conjugate
strategy also have the potential to be used for other isolation by
specic Abs of the target. So, they can be considered as an efficient
tool for the isolation of cells and biomolecules.
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